Oral epithelial cells (OECs) represent the first line of defense against viruses that are spread via saliva, including Kaposi's sarcoma-associated herpesvirus (KSHV). Infection of humans by KSHV and viral pathogenesis begins by infecting OECs. One method OECs use to limit viral infections in the oral cavity is the production of antimicrobial peptides (AMPs), or host defense peptides (HDPs). However, no studies have investigated the antiviral activities of any HDP against KSHV. The goal of this study was to determine the antiviral activity of one HDP, LL-37, against KSHV in the context of infecting OECs. Our results show that LL-37 significantly decreased KSHV's ability to infect OECs in both a structure-and dose-dependent manner. However, this activity does not stem from affecting OECs, but instead the virions themselves. We found that LL-37 exerts its antiviral activity against KSHV by disrupting the viral envelope, which can inhibit viral entry into OECs. Our data suggest that LL-37 exhibits a marked antiviral activity against KSHV during infection of oral epithelial cells, which can play an important role in host defense against oral KSHV infection. Thus, we propose that inducing LL-37 expression endogenously in oral epithelial cells, or potentially introducing as a therapy, may help restrict oral KSHV infection and ultimately KSHV-associated diseases.
Introduction
Kaposi's sarcoma-associated herpesvirus (KSHV), also known as human herpesvirus 8 (HHV-8), is one of seven human oncoviruses (Boshoff and Weiss, 2002) . In addition to Kaposi's sarcoma (KS) (Chang et al., 1994) , KSHV infection is the etiological agent of a number of B cell disorders including primary effusion lymphoma (Cesarman et al., 1995) and several types of multicentric Castleman's disease (Soulier et al., 1995) . KS remains a threat to the health of people who suffer from AIDS as both the most common cancer (Cohen et al., 2005) and one of the overall leading direct cause of death (Ganem, 2010) in these patients. Similarly, primary effusion lymphoma is resistant to most chemotherapy treatments resulting in a median survival of only six months (Okada et al., 2014) .
The current view is that saliva is the main route of transmission for KSHV (Pica and Volpi, 2007) , though not due to shedding from the salivary gland (Corbellino et al., 1996; Corey et al., 2002) . KSHV infections in resident immune cells of the oral cavity have been studied (Campbell et al., 2014; Knowlton et al., 2012) , as well as infections in oral epithelial cells (OECs) (Duus et al., 2004; Toth et al., 2013) . Unlike in most other cell types (Bechtel et al., 2003) , de novo KSHV infection in OECs from saliva transfer leads to a primarily lytic replication state and a subsequent viral amplification in the oral cavity (Duus et al., 2004; Toth et al., 2013) . In contrast, KSHV has been shown to latently reside in B and T cells of the tonsils (Hassman et al., 2011; Myoung and Ganem, 2011a) . The mechanism of how KSHV infection in OECs is transmitted to lymphatic endothelial cells and B cells in the host, which can ultimately lead to the development of KS, primary effusion lymphoma, or multicentric Castleman's disease in immunocompromised people, has yet to be defined. Overall, the initial KSHV infection of OECs is a critical step in KSHV pathogenesis whose control by the innate immune system is still poorly understood.
One method organisms utilize to directly defend against infections is through the production of antimicrobial peptides (AMPs), also known as host defense peptides (HDPs). HDPs represent the most primitive form of immunity against infection, with expression of these peptides found in all forms of life, from bacteria to humans (Kumar et al., 2018) . These small peptides (most less than 50 amino acids in length) exhibit activities against a wide range of microorganisms: fungi, Gram-positive and -negative bacteria, and enveloped and non-enveloped viruses (Hans https://doi.org/10.1016 (Hans https://doi.org/10. /j.antiviral.2018 Received 18 June 2018; Received in revised form 27 July 2018; Accepted 30 July 2018 and Madaan Hans, 2014) . Most antibiotic and antiviral activities of these peptides stem from their overall cationic and amphipathic structure, leading to binding to microorganism surfaces and subsequent membrane perturbation (Lee and Lee, 2015) . KSHV is transmitted via saliva, so we focused on antimicrobial peptides of the oral cavity that can potentially affect oral KSHV infection. The oral cavity is home to many different HDPs, including defensins, histatins, adrenomedullin, and the lone known human cathelicidin LL-37 (Khurshid et al., 2016) . OECs, the site of initial KSHV infection, produce LL-37, beta-defensins 1-3, and adrenomedullin (Khurshid et al., 2016) . While the antiviral activities of adrenomedullin have not been characterized, beta-defensins 1-3 and LL-37 were shown to exhibit antiviral activities (Barlow et al., 2014a; Klotman and Chang, 2006) . Of these HDPs, LL-37, a 37-amino acid cationic peptide present in both saliva and gingival crevicular fluid (Murakami et al., 2002; Türkoğlu et al., 2009) , has been the most widely studied in the context of antiviral activities, with defined mechanisms against dengue type 2 virus (DENV2) (Alagarasu et al., 2017) , hepatitis C virus (HCV) (Matsumura et al., 2016) , human immunodeficiency virus (HIV) (Wong et al., 2011) , influenza A virus (Tripathi et al., 2015b (Tripathi et al., , 2014 (Tripathi et al., , 2013 , respiratory syncytial virus (RSV) (Currie et al., 2016 (Currie et al., , 2013 , vaccinia virus (VV) (Dean et al., 2010; Ulaeto et al., 2016) , and herpes simplex virus type 1 (HSV-1) (Lee et al., 2014; Takiguchi et al., 2014) . In contrast, no HDP has been studied with respect to KSHV infection.
The goal of this study was to define potential antiviral activities of LL-37 against KSHV in the context of protecting OECs from initial KSHV infection. We found that LL-37 specifically inhibits KSHV infection of OECs in a sequence dependent manner. Our results show that LL-37 can prevent KSHV entry into OECs by disrupting the viral envelope indicating that LL-37 can function as an antiviral agent against KSHV during oral infection.
Materials and methods

Cell lines
The oral mucosal keratinocyte cell line OKF6/Tert-1 (Dickson et al., 2000) was cultured in keratinocyte serum-free media (K-SFM) (Gibco) supplemented with 2 mM L-glutamine (Corning), 1 IU/ml penicillin (Corning), 100 μg/ml streptomycin (Corning), 75 μg/ml bovine pituitary extract (Gibco), 0.3 mM CaCl 2 (Sigma-Aldrich), and 0.6 ng/ml epidermal growth factor (EGF) (Gibco). To produce KSHV, we used the iSLK-BAC16 cell line carrying the recombinant KSHV clone BAC16 (Brulois et al., 2012) . The iSLK cell line is engineered to express the KSHV lytic switch gene RTA under doxycycline control (Myoung and Ganem, 2011b) . The resulting iSLK cell line was then further engineered to carry the KSHV clone BAC16 expressing GFP under the constitutive EF-1α human promoter (Brulois et al., 2012) . The iSLK-BAC16 cells were cultured in Dulbecco's modified Eagle's media (DMEM) (Gibco) supplemented with 10% fetal bovine serum (FBS) (Gibco), 1 IU/ml penicillin (Corning), 100 μg/ml streptomycin (Corning), and 1 mg/ml hygromycin B (Sigma-Aldrich). Hygromycin B is used for the selection of cells with BAC16. HEK293 cells were grown in DMEM (Gibco) supplemented with 10% FBS (Gibco), 1 IU/ml penicillin (Corning), and 100 μg/ml streptomycin (Corning).
Production of KSHV and viral infection
KSHV production was performed as described previously (Brulois et al., 2012) . Briefly, the iSLK-BAC16 cells were treated with 1 μg/ml doxycycline (Sigma-Aldrich), and 1 mM sodium butyrate (Sigma-Aldrich) for 4 days to induce virus production. The cell culture medium was collected and centrifuged at 400 × g for five minutes at 4°C. The resulting supernatant was passed through a 0.45 μm filter and then centrifuged at 24,000 rpm for three hours at 4°C. The virus pellets were resuspended in cell culture media and the virus was kept at either 4°C for short-term storage or −80°C for long-term storage. To infect OECs, we used both non-spinning and spinning infection methods. In case of non-spinning infection, the virus was added to the cells in the cell culture media and incubated with the cells for the period of time as indicated at the experiments. For spinning infection, the cells with KSHV were centrifuged at 2000 × g for 45 min at 30°C.
Peptide inhibition of KSHV infection
LL-37 (Invivogen) (N-LLGDFFRKSKEKIGKEFKRIVQRIKDFLRNLV PRTES-C) and scrambled LL-37 (scrLL-37) (Genscript) (N-GLK LRFEFSKIKGEFLKTPEVRFRDIKLKDNRISVQR-C) were used in experiments testing peptide inhibition of KSHV infection. KSHV-BAC16 and various concentrations of LL-37 were mixed in PBS and rotated at room temperature for increasing amount of time. The resulting mixtures were then added to cells to determine the effect of LL-37 on KSHV binding to oral epithelial cells, entry into the cells, or infection of cells.
Quantification of infectious KSHV
The quantification of infectious KSHV-BAC16 has been described previously (Brulois et al., 2012) . Briefly, 2 × 10 5 of HEK293 (for initial multiplicity of infection, MOI, calculations) or OKF6/Tert-1 cells/well in 12-well plate were inoculated with KSHV followed by spinning infection at 2000 × g for 45 min at 30°C. After one-hour incubation of the cells with KSHV at 37°C, 5% CO 2 , the cells were washed with PBS and fresh cell culture media was added to the cells. Twenty-four hours later, cells were prepared for flow cytometry: washed three times with cold PBS, detached via 0.25% trypsin, washed twice with PBS, fixed with 2% paraformaldehyde (Santa Cruz) at room temperature for 30 min, and then washed twice with PBS again. All wash steps occurred via centrifugation of the cells at 600 × g for three minutes at 4°C. At the end, the cells were resuspended in 500 μl of PBS and subject to flow cytometry using the CantoII fluorescence-activated cell sorter (FACS) (Becton Dickinson) to detect the presence of GFP-positive cells, which were considered to be infected by KSHV due to the expression of GFP from KSHV-BAC16. The GFP signal was quantified on the CantoII FACS and analyzed by FlowJo software to calculate multiplicity of infection (MOI).
Virus attachment and internalization assays
KSHV-BAC16 attachment and internalization assays were adapted from a quantitative polymerase chain reaction (qPCR)-based assay used for measuring attachment of adeno-associated virus to cells (Berry and Tse, 2017; Berry and Asokan, 2016) . Attachment and internalization were each measured using both spinning non-spinning infection conditions, with spinning infection performed as described previously in this paper through the incubation at 37°C, 5% CO 2 for one hour. For non-spinning infections, cells were incubated at 4°C for 30 min before infection. The cells were incubated with KSHV at 4°C for one hour to allow for viral attachment. After either spinning or non-spinning infections, cells were then washed three times with cold PBS. Samples used for attachment measurements were subjected to RNA extraction using the RNeasy Mini kit (Qiagen) without DNase. DNA was isolated from the membrane of the spin column after the elution of RNA using a method previously described (Martins, 2009 ). For those samples used for internalization measurements, medium was added to the cells after the three washes with cold PBS, followed by incubation at 37°C, 5% CO 2 for 90 min. Cells were then again washed three times with cold PBS, detached with 0.25% trypsin, washed twice with PBS, and lysed with the RLT buffer of the RNeasy Mini kit. All wash steps occurred via centrifugation at 600 × g, 4°C for 3 min with resuspension in 500 μl of PBS. The DNA was then harvested in the same manner as the "attachment" samples. For all samples, qPCR was performed on the DNA using SsoAdvanced SYBR Green (Biorad, 172-5274) in the CFX96-C1000 Touch thermocycler (Biorad). Total KSHV DNA was measured using primers specific to the ORF11 gene (Forward: 5′-GGCACCCATACAGC TTCTACGA-3'; Reverse 5′-CGTTTACTACTGCACACTGCA-3′) with human HS1 as the reference gene (Forward: 5′-TTCCTATTTGCCAAGG CAGT-3'; Reverse: 5′-CTCTTCAGCCATCCCAAGAC-3′). The percentage of KSHV bound to cells was calculated using a standard curve of KSHV DNA from input virus alone and qPCR analysis.
Electron microscopy
Sample preparation for cryo-transmission electron microscopy (cyro-TEM) was performed in the EM Core of the University of Florida's Interdisciplinary Center for Biotechnology Research. Three microliter aliquots of suspended virus were applied to C-flat holey carbon grids (Protochips, Inc.) and vitrified using a Vitrobot™ Mark IV (FEI Co.) operated at 4°C and with ∼90% humidity in the control chamber. The vitrified sample was stored under liquid nitrogen and transferred into a Gatan cryo-holder (Model 626/70) for imaging. The sample was examined using a 4 k x 4 k CCD camera (Gatan, Inc.) on a Tecnai (FEI Co.) G2 F20-TWIN Transmission Electron Microscope operated at a voltage of 200 kV using low dose conditions (∼20 e/Å2). Images were recorded with a defocus of approximately 3 μm to improve contrast.
Statistical analyses
Oral epithelial cell treatment groups were analyzed using the Shapiro-Wilk normality test for Gaussian distributions. No statistical outliers were observed in any treatment groups. One-way ANOVA with Bonferroni multiple corrections (parametric) or one-way ANOVA Kruskal-Wallis test with Dunn's multiple corrections (non-parametric) were conducted to compare more than two treatment groups. To verify ANOVA findings and compare LL-37 and scrLL-37 treatments, either a two-tailed, unpaired Student's t-test (parametric) or a Mann-Whitney U test (non-parametric) were performed. Proportion comparisons were conducted using an N-1 chi-squared test. All statistical analyses except N-1 chi-squared test were performed using GraphPad Prism version 7.00 for Windows, GraphPad Software, La Jolla California USA, www. graphpad.com. N-1 chi-squared tests were conducted using MedCalc for Windows version 15.0 (Medcalc Software, Ostend, Belgium).
Results
LL-37 inhibits KSHV infection of oral epithelial cells
To determine whether LL-37 exhibits antiviral activity against KSHV in the context of OEC infection, KSHV was incubated with increasing concentrations of LL-37 before being added to oral epithelial cells. We found that the incubation of KSHV with LL-37 inhibited KSHV infection of OKF6/Tert-1 cells in a concentration-dependent manner (Fig. 1A) . To test whether the antiviral activity of LL-37 arises from its overall cationic nature or to its amphipathic structure, KSHV was incubated with increasing concentrations of scrambled LL-37 (scrLL-37), a peptide that contains all amino acids present in LL-37, but in a different primary structured order (Fig. 1B) . Unlike LL-37, scrLL-37 did not inhibit KSHV infection of OKF6/Tert-1 cells in percentage of cells infected (%GFP+) (Fig. 1C and D) . The native LL-37 significantly decreased degree of cell infection (mean fluorescence intensity, MFI) compared to scrLL-37 ( Fig. 1 C,E) . These data indicate that LL-37 possesses an antiviral activity against KSHV in a specific, structurally dependent manner.
LL-37 exerts antiviral activity through direct effect on KSHV virion
To discern which aspect of the KSHV infection LL-37 was affecting, potential cellular cytotoxicity and proliferation effects by the peptide were tested with propidium iodide uptake and XTT cell proliferation assay, respectively. We found no evidence for LL-37 affecting cell viability or proliferation when OKF6/Tert-1 cells were incubated with up to 80 μg/ml LL-37 for 48 h (data not shown). This observation is in agreement with previous studies of testing of LL-37 cytotoxicity in other cell types (Svensson et al., 2016) .
Next, to define the kinetics of the activity of LL-37 against KSHV, the virus was incubated with LL-37 for increasing time before being added to OKF6/Tert-1 cells. Co-incubation of LL-37 with KSHV before infection exhibited a time-dependent inhibitory effect of the peptide on KSHV infection, which was evident by the significantly reduced number of GFP+ cells and MFI (Fig. 2 , labeled "KSHV + LL-37 2 Hours"). To test whether LL37 affects OECs to exert its antiviral activity on KSHV, we pre-treated OKF6/Tert-1 cells with LL-37 for two hours and then excess peptide was washed away before KSHV infection. This pretreatment of cells with LL-37 did not affect the ability of KSHV to infect OKF6/Tert-1 cells, suggesting the mechanism of LL-37's antiviral activity involves the interaction between the peptide and the virus (Fig. 2 , labeled "KSHV +2 Hour Pre-Infection LL-37"). The effect of LL-37 after infection was also measured, with LL-37 being added to cells only after the KSHV infection procedure. Similar to the pre-infection addition of LL-37, the post-infection introduction of cells to LL-37 did not have a measured effect on KSHV infection (Fig. 2 , labeled "KSHV + Post Infection LL-37"). Taken together, these data indicate that LL-37 is more likely to exert its antiviral activity via affecting the KSHV virion itself instead of interacting with OECs.
LL-37 inhibits KSHV internalization during infection of oral epithelial cells
We next examined the effect of LL-37 on the attachment to and entry into host cells. A qPCR-based viral adhesion and internalization assay measuring the presence of viral DNA in OECs following KSHV infection was performed to determine the ability of LL-37 to affect KSHV binding to and internalization into OKF6/Tert-1 cells. KSHV was incubated with or without LL-37 for two hours before being added to OKF6/Tert-1 cells. Binding and internalization were first measured using spinning infections (the method used in previous experiments of this paper). We found that the incubation of KSHV with LL-37 significantly affected the ability of the virus to both bind to and enter OECs in the spinning infection assay (Fig. 3A) . To test a more physiologically relevant manner of infection binding and internalization were again tested, but this time using a non-spinning infection assay. In the nonspinning assay, only the internalization of KSHV was affected by LL-37. Taken together these data suggest that, while the peptide might affect viral attachment to cells as seen in the spinning infection assay, the mechanism by which LL-37 most likely inhibits KSHV infection of OECs is through causing aberrant internalization dynamics of the virion into the host cell since this phenomenon was seen in both spinning and nonspinning infections.
LL-37 disrupts the envelope of KSHV
The next question we addressed was how LL-37 was affecting the ability of KSHV to be internalized into OECs. With virion envelope perturbation as one of the antiviral mechanisms of LL-37 (Currie et al., 2016) , we investigated the potential KSHV envelope disruption capabilities of LL-37 via cryo-transmission electron microscopy (cryo-TEM). Upon incubating KSHV in PBS with or without LL-37 for two hours, we found that significantly more virions were perturbed in the presence of LL-37 compared to KSHV alone (Fig. 4) . Viral envelope rips, free capsids, free envelope pieces, and empty envelopes were all more common in images obtained from samples where KSHV was incubated with LL-37. These data indicate that LL-37 can perturb KSHV envelope, which can inhibit viral internalization into OECs, subsequently leading to overall blocking of viral infection.
Discussion
Many pathogenic viruses are spread through saliva. These include herpesviruses, such as herpes simplex virus type 1, human cytomegalovirus, and Epstein-Barr virus, with around 98% of adults in the world infected by at least one of these viruses (Fülöp et al., 2013; Looker et al., 2015; Toussirot et al., 2008) . The oral cavity is often the first mucosal environment pathogens encounter in our bodies and serves as an important line of defense against infection. One such pathogen is KSHV, which is known to spread via saliva and infect OECs before progressing to infect endothelial cells and B cells resulting in life-long infection of the host (Bechtel et al., 2003; Duus et al., 2004; Toth et al., 2013) . However, little is known about the innate antiviral roles of the cells, which line the mucosal surface of the oral cavity, the oral epithelial cells. OECs are known to produce and secrete a number of antimicrobial peptides (AMPs), or host defense peptides (HDPs), like LL-37 and human beta-defensins (Hans and Madaan Hans, 2014) . These HDPs can inhibit infection of not only bacteria and fungi, but also enveloped viruses through a variety of mechanisms, the most common of which is disrupting the viral envelope structure (Lee and Lee, 2015) . However, no studies have tested the effects of any HDP against KSHV yet. This study represents the first evidence of LL-37 exhibiting antiviral activity against KSHV.
The ability of LL-37 to directly inhibit a number of viruses has been reviewed previously (Barlow et al., 2014b) , with further activities found against Aichi virus A (Vilas Boas et al., 2017), human adenoviruses 8 and 19 (HAdV-8 and HAdV-19) (Gordon et al., 2005; Uchio et al., 2013) , hepatitis C virus (HCV) (Matsumura et al., 2016) , human papillomavirus 16 (HPV16) (Buck et al., 2006) , human rhinovirus (HRV) Schögler et al., 2016; Sousa et al., 2017) , and varicella zoster virus (VZV) (Crack et al., 2012) . While LL-37 has only been measured at 0.5 μg/ml in saliva (Bachrach et al., 2006; Takeuchi et al., 2012) and 10 μg/ml in gingival crevicular fluid (Tripathi et al., 2013) , the actual physiological concentration may be much higher at sites closer to the oral epithelial cells themselves due to the diffusion of the peptides once released from cells. Similarly, LL-37 3 . LL-37 inhibits KSHV internalization during infection of oral epithelial cells. KSHV was incubated for two hours with or without 20 μg/ml LL-37 before being added to OKF6/Tert-1 cells at MOI of 1. Cells were then subjected to either spinning (A) or non-spinning (B) infection procedures. The percentage of virus bound to or internalized into cells compared to the virus input was determined via viral attachment and uptake assays, using qPCR primers specific for the KSHV gene ORF11, and adjusted to control for the relative amount of OECs using qPCR primers specific for HS1 genomic region in the human genome. Bar graphs and error bars represent the means and SEMs of three independent experiments, each with three biological replicates for each condition.
concentrations have been recorded in excess of the 20 μg/ml concentration used here in epithelial tissue during inflamed conditions (Currie et al., 2013 ). Our results demonstrate that concentrations as low as 10 μg/ml were sufficient to lead to a reduction in KSHV infection of the oral epithelial cell line OKF6/Tert-1. This finding fits within other studies of antiviral activities of LL-37, suggesting LL-37 expressed from OEC and resident immune cells could participate in the innate defense against KSHV infection of the oral cavity. The use of PBS for antiviral assays for LL-37 may also have resulted in a more diminished level of activity for the peptide in our studies than may be occurring naturally, as others have found LL-37 to be sensitive to salt in the context of antibacterial and antiviral testing (Dürr et al., 2006) .
With many antimicrobial peptides exerting their antimicrobial activity through their overall charge (Bahar and Ren, 2013) , we aimed to determine whether LL-37 possessed any antiviral activity outside of its cationicity. The activity of the native LL-37 was significantly greater than scrLL-37, leading us to conclude that LL-37 had a structure-dependent antiviral activity against KSHV. This ability of the native primary structure of LL-37 to inhibit viral infections as opposed to a scrambled version of the peptide has also been observed with a number of other viruses-including DENV (Alagarasu et al., 2017) , HAdV19 (Gordon et al., 2005) , HCV (Matsumura et al., 2016) , HRV (Sousa et al., 2017) , HSV-1 (Gordon et al., 2005; Lee et al., 2014) , influenza A virus (Barlow et al., 2011; Tripathi et al., 2015a Tripathi et al., , 2013 White et al., 2017) , and RSV (Currie et al., 2013; Harcourt et al., 2016 )-suggesting the specific structure, and not simply the charge, of LL-37 is important in its antiviral activity.
Overall, in this study we demonstrate the ability of LL-37 to inhibit KSHV infection of OECs by disrupting the structure of the viral envelope, leading to decreased internalization into the host cell. While this disruption of the viral envelope by LL-37 has also been observed in HCV (Matsumura et al., 2016) , influenza A virus (Tripathi et al., 2013) , and VV (Dean et al., 2010; Ulaeto et al., 2016) , this study represents the first example of LL-37 specifically inhibiting viral entry into target cells, as opposed to viral attachment (Currie et al., 2016; Lee et al., 2014) . Since LL-37 has been shown to bind lipid bilayers (Wang et al., 2014) and even influenza A virus (Tripathi et al., 2013) , interaction between LL-37 and the KSHV envelope may be the most likely explanation of how LL-37 can target the KSHV. This binding to the envelope may be the reason for the slight, but significant, increase in the percentage of GFP+ cells after the short timepoint of co-incubation of LL-37 and KSHV before infection (Fig. 2B) . LL-37 may be binding to KSHV and disrupting KSHV aggregates at early timepoints, leading to a greater percentage of cells infected, but not an overall increase in total infection (we observed increased percentage of GFP+ cells, but not relative MFI). The reason why LL-37 binds to the lipid bilayers of microorganisms yet is not cytotoxic to human cells (Svensson et al., 2016) may be the key for determining the mechanism by which LL-37 exhibits antiviral activity against KSHV. One possible scenario involves binding of the peptide to viral glycoproteins on the surface of KSHV. LL-37 has Fig. 4 . LL-37 disrupts KSHV envelope structure. KSHV was incubated for two hours at room temperature alone or with 20 μg/ml LL-37 or 0.5% Triton X-100 as a control for solvent of the viral envelope. Suspended viral samples were prepared for cryo-transmission electron microscopy and subsequently visualized. The resulting images were analyzed for the presence of visible perturbations (free capsids, free envelope pieces, torn envelopes, empty envelopes, or released tegument). been shown to bind to envelope glycoproteins (Alagarasu et al., 2017) . Interaction with specific glycoproteins on the surface of KSHV may be responsible for LL-37's inhibition of internalization (which is mediated by viral envelope glycoproteins gB and gpK8.1A), but not attachment (which is mediated by gB, gH/L, and gM/N) (Chakraborty et al., 2012) . This binding of other HDPs to viral glycoproteins, leading to the inhibition of internalization, has been previously observed (Leikina et al., 2005) . While we could demonstrate the antiviral activity of LL-37 against KSHV, additional studies will be required to determine the mechanism by which LL-37 reduce KSHV infection.
Taken together, our results suggest that the ability of LL-37 to inhibit infection of OECs can represent the first step of a possible method for the prevention of the initial oral KSHV infection, for which no therapies or treatments currently exist. LL-37 has been shown to be upregulated in KS lesions compared to healthy skin (Fathy et al., 2012) , suggesting an inherent response of epithelial cells to combat the viral infection with LL-37. Similar upregulation of LL-37 and other antimicrobial peptides by vitamin D 3 (Wang et al., 2004) in oral epithelial cells (McMahon et al., 2011) are thought to be the mechanisms by which the vitamin has exerted antiviral activity in previous studies (Beard et al., 2011) . While LL-37 exerts its antiviral activity via a direct effect on the virion in the case of this paper and others, cathelicidins in general (He et al., 2018) and LL-37 specifically (Barlow et al., 2014a) have also been shown to enhance other methods of innate antiviral immunity, namely interferon expression. Current work in endogenous antimicrobial peptide expression (Dhawan et al., 2015; Klein-Patel et al., 2006; Rivas-Santiago et al., 2005; Ryan et al., 2011; Ryan and Diamond, 2017) and small molecule mimetics of antimicrobial peptides (Beckloff et al., 2007; Menzel et al., 2017; Ryan et al., 2014) would potentially serve as methods to prevent not only KSHV infection, but also other viral infections of the oral cavity.
